2-C-methyl-D-erythritol 4-phosphate cytidyltransferase (MCT) catalyzes the third reaction in the plastidial non-mevalonate pathway, which provides the precursors for ajmalicine. A full-length cDNA encoding MCT (RvMCT) was identified from hairy roots of Rauvolfia verticillata. The full-length 1,499-bp cDNA of RvMCT had a 945-bp coding sequence that encoded a 314-amino-acid protein with an N-terminal chloroplast transit peptide of 67 amino acid residues. RvMCT exhibited homology with other plant MCTs at the levels of sequence and structure. The phylogenetic analysis revealed the plant MCTs could be divided into three separated clusters including gymnosperms, monocotyledons and dicotyledons. Gene expression of ajmalicine metabolism (DXR, MCT, MECS, HDS, HDR, STR and SGD) in hairy roots, roots, stems, old leaves, young leaves and barks was analyzed by quantitative PCR. All the seven genes had higher expression levels in hairy roots than in other plant organs. This suggested hairy roots of R. verticillata possessed more active alkaloid metabolism than other organs and it was the reason that hairy roots produced higher levels of ajmalicine. Furthermore, the expression of DXR, MECS, HDS, HDR, STR and SGD genes was not detected in stems (only MCT detected in stems), so it could be presumed that stem acted as a transporter tissue of ajmalicine. Finally, the colour complementation assay indicated that the function of RvMCT was the same as Arabidopsis MCT. Molecular cloning, characterization and functional identification of RvMCT will be helpful to understand more about the role of MCT involved in ajmalicine biosynthesis at the molecular level.
Introduction
Rauvolfia verticillata, a kind of woody medicinal shrub, belongs to the family Apocynaceae, which is the main natural source of Rauvolfia-related terpenoid indole alkaloids, such as the famous ajmalicine (Zheng et al. 2011) . Ajmalicine is widely used to prevent strokes, treat blood pressure and recover the neurological function (van Der Heijden et al. 2004 ). The pharmaceutical industries have a stable and large demand for ajmalicine. Unfortunately, the ajmalicine production is limited due to its low content in R. verticillata. Thus, it is a hot topic to find the alternative ways to produce more economical ajmalicine economically. Although chemical synthesis of ajmalicine is academically successful, the commercial production is not available because of the very high cost (Zheng et al. 2011) .
Metabolic engineering might be a suitable approach to increase production, based on the knowledge of ajmalicine biosynthesis and biotechnology.
Ajmalicine belongs to the family of terpenoid indole alkaloids, of which the terpenoid moiety comes from the plastidial 2C-methyl-D-erythritol-4-phosphate (MEP) pathway, in which the seven enzymatic reactions are involved (Liu et al. 2012) . The third reaction (the formation of 4-diphosphocytidyl-2C-methyld-erythritol from MEP and CTP) in the MEP pathway is catalyzed by 2-C-methyl-D-erythritol 4-phosphate cytidyltransferase (MCT) (Gabrielsen et al. 2006) . In order to map the biosynthetic pathway of ajmalicine in R. verticellata at the molecular level, our group reported four MEP-pathway genes including 1-deoxy-D-xylulose5-phosphate reductoisomerase (DXR) (Liao et al. 2007) , 2-C-methyl-D-erythritol c 2013 Institute of Molecular Biology, Slovak Academy of Sciences 92 X. Lan   Table 1 . The primers used for the real-time Q-PCR.
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2,4-cyclodiphosphate synthase (MECS) (Zheng et al. 2011 ), 1-hydroxy-2-methyl-2-(E)-butenyl 4-diphosphate synthase (HDS) (Zheng et al. 2011 ) and 1-hydroxy-2methyl-2-(E)-butenyl 4-diphosphate reductase (HDR) (Chen et al. 2010) , and two ajmalicine-biosynthesisspecific functional genes including tryptophan decarboxylase (TDC) (Liu et al. 2012 ) and strictosidine synthase (STR) ).
In the present study, we report molecular cloning and bioinformatics analysis of the gene encoding MCT catalyzing the third reaction in the MEP pathway, relative expression levels of seven ajmalicine biosynthetic genes (DXR, MCT, MECS, HDS, HDR, STR and SGD) in different tissues and transformed hairy root cultures of R. verticillata as well as functional identification of RvMCT via colour complementation.
Material and methods

Plant materials
The plants of R. verticillata were cultivated in the plant garden of Tibet Agricultural and Animal Husbandry College (Nyingchi, Tibet, China). Roots, stems, young leaves, old leaves and barks of R. verticillata were collected in April 2011. After collection, the materials were immediately immersed into liquid nitrogen for future use. Hairy root cultures were established, maintained and treated according to Liu et al. (2012) .
Cloning of the full-length cDNA of RvMCT Total RNA from hairy roots of R. verticillata was isolated with the RNAplant plus kit (Tiangen, Beijing, China). SMARTTM RACE cDNA Amplification kit was used to synthesize the single-stranded cDNAs, as templates for 3'-RACE (rapid amplification of cDNA end) and 5'-RACE, respectively, according to the manufacturer's protocol (Clon-Tech, California, USA). Two degenerate primers, drvfp: 5'-TTGACT(C/T)CTT(C/G)CC(A/G)TTT(C/T/A)AAG-3' and drvrp: 5'-5-TC(T/A)GG(T/A)GT(A/C/T)GT(C/G) ACCTTGATG-3', were used for the standard gradient PCR (from 53 to 61 • C) to clone the core cDNA fragment on My-Cycler (BIO-RAD, California, USA). Gene specific primers were designed for the RACE based on the core cDNA fragment sequence information. The primer pairs for 5'-RACE PCR reactions were as follows: RvMCT5-1 (5'-GCACTTAAATCAACTGCCTGCACTCCGC-3') for the first 5'-RACE, RvMCT5-2 (5'-GAGGAAGATACTGCTTT GGCATGCTAGC-3') for the nested 5'-RACE and the universal primers (UPM and NUP) provided by the kit. The primer pairs for 3'-RACE PCR were: RvMCT3-1 (5'-GAGCAGCTGTACTTGGTGTTC-3') for the first 3'-RACE, RvMCT3-2 (5'-CCTTGAGGTC ACTGATGATG-3') for the nested 3'-RACE and the universal primers (UPM and NUP) provided by the kit. The first and nested PCR procedures were carried out under the conditions described according to the manufacturer's protocol. A pair of primers as follows: fRvMCT (5'-GGATCTTCAGCCTTCAAGG-3') and rRvMCT (5'-GTATAGGACATTAAGGCTGAACG-3'), were used to confirm the physical full-length cDNA of RvMCT. Each PCR product was subcloned into the pMD-18T vector and sequenced.
Bioinformatics analysis of RvMCT
Comparative and bioinformatics analysis of RvMCT were carried out online at the web-sites http://www.ncbi.nlm.nih. gov/ and http://www.expasy.org/. The nucleotide sequence, deduced amino acid sequence and ORF encoded by RvMCT were analyzed and the sequence comparison was conducted using the BLAST search (Altschul et al. 1990 ). The multiple alignments of RvMCT and MCTs from other species were done with Clustal-X (Larkin et al. 2007 ) using default parameters. A phylogenetic tree was constructed using MEGA software, version 5.0 (Tamura et al. 2011 ) based on Clustal-X alignments. The neighbour-joining method (Saitou & Nei 1987 ) was used to construct the phylogenetic tree. The homology-based three-dimensional structural modelling of RvMCT was accomplished by Swiss-Model server (Arnold et al. 2006 ).
Establishment of gene expression profile
Total RNAs were isolated using the RNAplant reagent (Tiangen, China) according to the manufacturer's instructions and stored in −80 • C. cDNAs of each sample was synthesized using AMV Reverse Transcriptase (Takara, Japan) according to the manufacturer's instructions. Quantitative PCR (Q-PCR) of each gene was conducted with two primers specific to the coding sequence of their corresponding genes, including DXR, MCT, HDR, HDS, MECS, STR and SGD, using SYBR Premix ExTaq (Takara, Japan). The primers used in Q-PCR were designed by Beacon (Table 1) . Amplifications were performed under the following conditions: 94 • C for 2 min, 40 cycles of denaturation at 94 • C for 15 s, annealing at 55 • C for 15 s, followed by extension at 68 • C for 20 s. Meanwhile, the house-keeping 18S rRNA gene was used as the reference gene. Three replications were conducted.
Colour complementation of RvMCT in Escherichia coli E. coli strain XL1-Blue and plasmids pAC-BETA and pTr-cATIPI (kindly provided by Dr. Francis X. Cunningham, Department of Cell Biology and Molecular Genetics, University of Maryland, USA) were used to test the biological function of RvMCT. The β-carotene biosynthetic plasmid pAC-BETA (Cunningham et al. 1996) was introduced into E. coli XL1-Blue to reconstruct the biosynthetic pathway of β-carotene. The transformants harbouring pAC-BETA were screened with 50 µg/mL chloromycetin. pTrcATIPI harbouring the Arabidopsis IPI gene (Cunningham et al. 2000) was digested with Pst I to get rid of Arabidopsis IPI gene and then recycled with T4 ligase to generate the modified plasmid (pTrc) that had the resistance to 150 µg/mL ampicillin . The coding sequence of RvMCT was amplified by two primers, fexRvMCT (5'-CGGATCCatgtcaattcttcagctcagc-3') and rexRvMCT (5'-CTCTAGActaggacgattttgcagagg-3') and then inserted into pTrc through two restriction enzymes including Bam HI and Xba I to substitute Arabidopsis IPI gene, namely pTr-cRvMCT. The MCT gene from Arabidopsis (Hsieh et al. 2008 ) was used as the positive control and inserted into pTrc through the same two restriction enzymes, and the plasmid harbouring Arabidopsis MCT gene was pTrcAtMCT. Then pTrc, pTrcAtMCT and pTrcRvMCT were respectively introduced into E. coli XL1-Blue harbouring pAC-BETA and the transformants were screened by 150µg/mL ampicillin and 50 µg/mL chloromycetin; pTrcRvMCT was introduced into XL1-Blue and the transformants were screened by 50 µg/mL chloromycetin. Finally, the six types of XL1-Blue were planted onto the YEB medium with 50 µg/mL chloromycetin, 150 µg/mL ampicillin and 50 µM isopropyl β-D-1-thiogalactopyranoside to observe the growth and βcarotene accumulation in bacteria.
Results and discussion
Molecular cloning the full-length cDNA of RvMCT A 780-bp cDNA fragment was amplified with a pair of degenerated primers, drvfp and drvfp. BLAST analysis exhibited that the fragment was highly similar (88%) to that from Catharanthus roseus, another ajmalicine-producing plant species (Dutta et al. 2005) . This suggested that the 780-bp cDNA fragment might belong to the MCT gene of R. verticillata. Based on the isolated fragment, a 454-bp 5'-end of RvMCT cDNA was isolated, and a 585-bp 3'-end was also obtained. The full-length cDNA of RvMCT (GenBank accession number: JX104650) was 1,499 bp in length by assembling 5'-end, the core fragment and 3'-end (Fig. 1) . The physical cDNA sequence was confirmed by PCR amplification and sequencing. The full-length cDNA of RvMCT contained a 945-bp coding sequence that encoded a 314amino-acid residue/long protein, a 123-bp 5' untranslated region and a 431-bp 3' untranslated region with a poly 15A tail.
Bioinformatics analysis of RvMCT
BLAST search showed that RvMCT belongs to the MCT family and exhibits a high similarity to that of C. roseus (85%), Ginkgo biloba (70%), Arabidopsis thaliana (65%), etc. It was reasonable that RvMCT showed highest similarity with MCT of C. roseus, because C. roseus also belongs to the family of Apocynaceae, in which R. verticillata is included, as well as C. roseus also possesses the intact biosynthetic pathway of ajmalicine (Dutta et al. 2005) . A chloroplast transit peptide with 67 amino acid residues was found at the N-terminus of RvMCT (Fig. 1) that is probably necessary to deliver the protein into chloroplast where which the MEP pathway was localized (Kim et al. 2006 ). The sequence comparison revealed that the catalytic regions of MCTs are conserved, but the transit peptide regions are quite different at the amino acid sequence levels (Fig. 2) . However, the MCT from prokaryotic organ-X. Lan isms, such as E. coli, lacks of N-terminal transit peptide (Kim et al. 2006 ). The magnesium ion and CTPbinding sites of RvMCT (Lys106 and Lys292) and of other MCTs were found in the conservative sites of sequence (Fig. 2) . The distance from Lys106 to Lys292 is quite long at the primary structure level, but these two residues are close to each other and act as the enzyme active-site in the three-dimensional structure of RvMCT (Fig. 3) . The whole enzyme of RvMCT is organized as a homodimer (Fig. 3) , like the reported A. thaliana MCT protein (Gabrielsen et al. 2006) . The core of RvMCT consists of a seven-stranded twisted β-sheets where all strands are in parallel, a feature highly similar with that of AtMCT (Gabrielsen et al. 2006) . Accord-ing to the phylogenetic analysis, the MCTs of plants are separated from those of bacteria (Fig. 4) . The plant MCTs were divided into three groups including gymnosperms, monocotyledons and dicotyledons (Fig. 4) , and showed the origin of endosymbiosis.
Relative expression of seven ajmalicine biosynthesis genes in different organs of R. verticillata Hairy root cultures of medicinal plants have shown strong potential to produce valuable plant natural products because they have some biological advantages, including rapid growth even without plant hormones, more intact biosynthetic capacities than plant cells, and especially higher production of natural products Georgiev et al. 2007) . Now hairy root cultures are considered to be green factories for high-value molecules (Georgiev et al. 2012) . Our previous study reported that hairy root cultures of R. verticillata possessed higher level of ajmalicine than other organs, such as roots, stems, old leaves, young leaves and barks (Liu et al. 2012) . The hairy root cultures of R. verticillata produced 0.249 mg/g dry-weight ajmalicine, which was 17-fold higher than that in roots; and the relative expression of TDC gene was 11-fold higher than that in barks, and even over 100-fold higher than that in roots (Liu et al. 2012 ). In the present study, the relative gene expression of the other seven genes including DXR, MCT, MECS, HDS, HDR, STR and SGD was analyzed in roots, stems, old leaves, young leaves, barks and hairy roots of R. verticillata.
The relative gene expression of all the seven genes was higher in hairy roots than in roots, stems, old leaves, young leaves and barks (Fig. 5) . This was consistent with gene expression of RvTDC (Liu et al. 2012) . The higher gene expression of ajmalicine biosynthesis genes in hairy roots gave the reasons that hairy roots produced ajmalicine at a higher level. The expression of RvMCT could be detected in stems at a relative higher level than in roots, old leaves, young leaves and barks; while the expression of all the other genes (DXR, MECS, HDS, HDR, STR and SGD) could not be detected in these organs. This might mean the lack of ajmalicine biosynthesis in stems. The previous research suggested that an indole alkaloid product might be transported out of the chloroplast to the cytoplasm (De Luca & Cutler 1987) . So we presumed that the stem was not the site of ajmalicine biosynthesis organs but acted as a transport organ.
Colour complementation of RvMCT E. coli cannot produce β-carotene itself, but it can produce the general 5-carbon precursors (isopentenyl diphosphate and its isomer dimethylallyl diphosphate) for carotenoids. The β-carotene biosynthetic pathway was reconstructed in E. coli by introducing the plasmid pAC-BETA (Cunningham et al. 1996) , in which the four β-carotene biosynthetic genes, including geranylgeranyl pyrophosphate synthase (crtE), phytoene synthase (crtB), phytoene desaturase (crtL) and lycopene cyclase (crtY), were harboured. Engineered E. coli harbouring pAC-BETA, could only produce β-carotene in trace amount. However, engineered E. coli could produce β-carotene at a much higher level when introducing the plastid pTrcAtIPI harbouring the gene involved in the isoprenoid biosynthetic pathway, such as Arabidopsis thaliana (AtIPI) IPI gene (Cunningham et al. 2000) or the gene involved in the MEP pathway, such as Ginkgo biloba (GbMECS) MECS gene (Gao et al. 2006 ). In the present study, E. coli harbouring both plasmids pAC-BETA and pTrc (or pTrcRvMCT/pTrcAtMCT) could grow, while those without plasmids or harbouring either of the plasmids could not. On the selective medium plate, the bacterial clones of E. coli harbouring pAC-BETA and pTrc were the raw colour, while E. coli harbouring pAC-BETA and pTrcAtMCT/pTrcRvMCT were orange that was caused by β-carotene (Fig. 6 ). In Fig. 5 . Tissue expression profiles of seven genes from R. verticillata. Total RNA samples isolated from roots, stems, old leaves, young leaves, tree barks and hairy roots were subjected to Q-PCR analysis. 18S rRNA gene was used as the control. The two asterisks represent the significant difference at p < 0.01. the engineered E. coli, the bacteria harbouring RvMCT produced orange β-carotene just like that in engineering bacteria harbouring Arabidopsis MCT gene. This suggested that the function of RvMCT was the same as that of Arabidopsis MCT. The result of colour complementation indicated that RvMCT could promote the biosynthesis of β-carotene in the engineered E. coli and that RvMCT did encode functional enzyme that had the enzymatic function the same as MCT from Arabidopsis (Hsieh et al. 2008) .
In summary, the full-length cDNA of RvMCT encoding 2-C-methyl-D-erythritol 4-phosphate cytidyltransferase that catalyzes the third reaction in the MEP pathway of R. verticillata was cloned and characterized for the first time. Bioinformatics analysis demonstrated that RvMCT exhibited homology with the reported plant MCTs. The gene expression of ajmalicine biosynthesis showed all the detected seven genes had higher expression levels in hairy roots than in other organs including roots, stems, old leaves, young leaves and barks. This was the reason that hairy roots produced higher level of ajmalicine. Only RvMCT was detected in stems at the transcriptional level and this might suggest that stems acted as a transporter organ of ajmalicine in R. verticillata. Colour complementation of RvMCT demonstrated that it did encode the functional enzyme of MCT. Molecular characterization and identification of RvMCT will thus be helpful to unveil the biosynthetic pathway of ajmalicine and to provide a candidate gene that might be employed to genetically modify the ajmalicine pathway.
